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ABSTRACT
A method is presented in which estimates of evaporation may be made over an area

gpproaching three quarters of a square kilometer, with relatively fine (25 meter) spatia resolution, usng
three dimensiona measurements of water vapor concentration from a scanning Raman lidar. The
method is based upon Monin-Obukhov smilarity theory applied to spatidly and tempordly averaged
data. Datafrom the lidar is used to sense the location and orientation of the surface and the location of
the water vapor measurements with repect to that surface. Maps of the spatia distribution of
evaporation have been produced showing the evaporation rates a regular intervals throughout the day.
The method was gpplied to the SALSA experimentd Ste during the 1997 summer field campaign. The
estimates of evaporation rates made during the campaign compare favorably with estimates made using
s3p flux methods with RM S differences of 18 W/n. While the method has certain limitations, the three

dimensiond character of the data allows for the detection of anomalous Situations so that anaysts may

dter the andysis technique or rgect the estimates from the affected regions. Thisinformation can be
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used in awide variety of waysto study the spatid variaions in evaporation caused by changesin soil
type and moisture content, canopy type and topography.
INTRODUCTION

Evapotranspiration is one of the criticd variablesin both the water and energy baance models
of hydrologic sysems. These systems are driven by conditions in the soil-plant-atmosphere interface,
and as such, involve spatidly distributed processes. Traditiond techniques of measuring
evapotranspiration rely on point sensors to collect information which are often averaged over aregion,
or assumed to be representative of afar larger area. Spatidly averaged data from point sensors near
the surface are limited in value because of the rdatively small footprint Sze which an individud point
sensor represents, the necessarily limited number of sensors which are used to make the measurements,
and because of our current inability to extend the measured values a a point (or series of points) to an
undergtanding of the processes that are occurring on larger scaes. Part of the problem isthat the bulk
of the earth’s surface is not horizontally homogeneous with respect to topography, soil moisture
avallability, soil type, or canopy. Eddy correlation has been successfully used from aircraft to cover
large areas, but the usefulness of the data has been called into question for use in mixed canopies where
gpatialy resolved fluxes are desired [for example, Mahrt, 1998].

Remotdly sensed data has the potentid to provide detailed information over arddivey large
areawith high spatid resolution. Examplesinclude therma sensing of the surface where the latent heet
flux is determined as aresdud in the energy baance [for example, Jackson et d., 1987] or two
dimensiond water vapor concentrations from ground or airborne lidar [for example, Ehret, et d., 1993;
Higdon, et d., 1994]. The problem then isto develop methods by which evaporative energy fluxes,
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may be reiably inferred from the types of information that current remote sensors can provide.

The three dimensiona scanning Raman lidar built by Los Alamos Nationa Laboratory can
provide detailed maps of the water vapor concentration in three dimengons with high spatial and
tempord resolution. Using thisinformation, a methodology has been devel oped to estimate the spatidly
resolved evaporative flux over the scanned area. The ability to determine evaporative fluxes has been
previoudy demondtrated over ided surfaces, i.e. flat, uniform terrain and canopy [Eichinger et d. 1993a
and 1993b]. We describe our ongoing efforts to extend that capability to mixed terrain and canopiesin
conjunction with the SALSA 1997 intengve field campaign.

The Semi-Arid Land Surface Atmosphere (SALSA) Program studies basin-wide water
balances, its changes and the resulting effects on the ecology of semiarid regions. The study has
centered on the San Pedro River basin which crosses the border between the United States and
Mexico to the east of Tucson, Arizona. The 1997 summer field campaign centered on that part of the
river inthe Lewis Springs riparian corridor five miles eest of SerraVista, AZ. Extensve
measurements were made of the ground and surface water levels, energy fluxes and plant trangpiration
using awide variety of insruments as well as supporting arcraft and satellite measurements. The Site
congsts of a cottonwood stand in the immediate vicinity of the river with sacaton grass and mesquite
surrounding. The Ste provides an especidly difficult test for the measurement of spatidly resolved
fluxesin that dl three canopy types are mixed. Within the region that the lidar can observe, there are
large varidions in surface eevation and types of canopy, making the canopy top highly irregular. The
day chosen for intercomparison is one in which dl of the required instruments worked properly and
which represented a“typica” day, not necessarily one that was meteorologicaly “best” (attempting to
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maximize the amount of fetch over the cottonwoods).
INSTRUMENT DESCRIPTION

The solar-blind Raman water vapor lidar used in these experiments is based upon the Raman
technique pioneered by Mdfi et. d [1969] and Cooney [1970] and extended for daytime, solar-blind
operation by Renault et a. [1980], and Cooney et d. [1985]. The device operates by emitting a pulsed
ultraviolet laser beam into the aamosphere. Raman scattered light from nitrogen gas and water vapor is
collected by the telescope on the lidar and converted to an dectric Sgnd. The system operatesin the
solar blind region of the spectrum using krypton fluoride as the lazing mediato obtain light a 248 nm.
The Raman-shifted nitrogen sgnd returns a 263 nm and the Raman-shifted water vapor sgnd returns
a 273 nm. Simultaneous measurement of the water vapor and nitrogen returns provides asmple
method for obtaining absolute measurements. Because nitrogen is, by far, the most abundant
amospheric gas, dividing the Raman-shifted return sgnd from water vapor by that of nitrogen
normalizes each pulse and corrects for first order amospheric transmission effects, variationsin laser
energy from pulse-to-pulse, and telescope fid d-of-view (FOV) overlap with the laser beam. The
divided returns are then proportiona to the absolute water vapor content of the air. A correction is
required to account for the differentid atmospheric attenuation between the nitrogen and water vapor
wavelengths.

The typica maximum horizontal range for the lidar is approximately 700 meters when
scanning, with a corresponding spatid resolution of 1.5 meters over that distance. The upper scanning
mirror alows three dimensona scanning in 360 degreesin azimuth and £22 degreesin eevation. The
uncertainty in the water vapor mixing rétio is typicaly measured to be lessthan 4%. Details of the
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ingrument, data collection, and determination of water concentration may be found in Eichinger et 4.

[1999].

LIDAR DERIVED FLUX METHOD
The water vapor concentration in the vertica direction can be described usng Monin-Obukov
Similarity Method (MOM) [Brutsaert, 1982]. With this theory, the relationships between the

properties at the surface and the water vapor concentration at some height, z, within the inner region of
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Z,, isthe roughness length for water vapor, g; and T are the surface specific humidity and temperature,
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g(2) isthe specific humidity a height z, H isthe sengble heet flux, E isthe latent heet flux, i isthe
dengty of the air, L. isthe latent heat of evaporation for water, and u. is the friction velocity [Brutsaert,
1982], k is the von Karman congtant, taken as 0.40, and g is the acceleration dueto gravity. @, isthe

Monin-Obukhov smilarity function for water vapor and is cdculated as.
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for ungtable conditions, and where x,,, represents the function x calculated for the vaue of z,,. The
roughness length is a free parameter to be ca culated based upon the loca conditions. Heat and
momentum fluxes are often determined from measurements of temperature, humidity, and wind speed a
two or more heights. These rdations are vdid in the inner region of the boundary layer where the
atmosphere reacts directly to the surface. Thisregion islimited to an area between the roughness
sublayer (the region directly above the roughness e ements) and below five to thirty meters above the
surface (where the passive scaars are semi-logarithmic with height). The verticd range of thislayer is
highly dependent upon the local conditions. The top of this region can be readily identified by a
departure from the logarithmic profile near the surface. Figure 1 isan example of awater vapor profile
with alogarithmic fit showing such a departure at gpproximately four meters above the surface.
Suggestions have been made that the amosphere is o logarithmic to higher levels and may integrate
fluxes over large areas [Brutsaert, 1998]. This assertion isintended to be the subject of future
invedtigation.

Evaporative fluxes have previoudy been obtained from a combination of Monin-Obukhov
amilarity theory and vertica water vapor profiles taken with the lidar [Eichinger et d., 1993b]. In
these initid efforts, the correlation between the lidar and eddy correlation was good, with regresson
gatigtics of an r? of 0.73 and an RM S difference of about 12 percent of the eddy correlation value. A
sngle scan that required as much as 30 minutes to complete was used in the previous estimates
whereas two or more scans requiring 30 to 45 seconds each are averaged in thiswork. It was noted in
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theinitid work that multiple measurements averaged over time produced more religble estimates of the
evaporative flux.
The present method used begins by rearranging (1) into alinear form

q@ " &Mz % ¢ (5)
where M is the dope of the fitted function (M = E /(L. k u.il) ), Z' isareduced height parameter [ Z =
In(z-d,) - D,((z-d,)/L) ], and cisaregresson constant ( ¢ = MIn(z,) + g5 ). Measurements for the
dope are made based upon aleast squaresfit to severd hundred measurements of water vapor
concentration. Having determined M from the dope of thefitted line, the flux is then

E" L.Mku ( i (6)
where u. and L are obtained from loca measurements.

Previous work to obtain evaporative fluxes from the lidar was done over stesthat were level
and in which the geometry between the lidar and the canopy top was well known. Thus the Steswere
ided in that they were horizontally homogeneous, but dso in that the height of a particular lidar
measurement above the canopy was easly and well determined. Thus it would be expected that this
technique should reproduce fluxes as measured by other techniques. Gradient methods for determining
fluxes are well established [Stull, 1988, Brutsaert, 1982]. The lidar method isuniqueinthat it usesa
large number of measurements to determine the vertical water vapor gradient. The extenson of the
method to rough terrain presents issues relaing to assumptions of horizonta homogeneity as well asthe
determination of the surface location (with respect to the lidar) and the direction of the norma to the
surface.

Figure 2aisatypica scan from the Raman lidar showing the water vgpor concentretion in one
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verticd plane a the SALSA-MEX dte. Theintensered color at the bottom is aresult of the
attenuation of the laser beam by the ground, bushes, or trees and by the fluorescence of the organic
compounds in the canopy. The attenuation of the laser beam reduces the intensity of the nitrogen and
water vapor Sgnds, but fluorescence increases the intengity of the water vapor Sgnd at 273 nm relative
to the nitrogen sgnd a 263 nm. Since the water vapor concentration is found from the ratio of the two
sgnals, the dgorithm produces an gpparent large water concentration ingde plant canopies. Whilethe
vaues are spurious, they are useful in identifying the canopy surfaces. Figure 2b is a conceptud
drawing showing the site and how the various lidar lines of Sght are used to scan the areaand produce
thefirg figure. For this experiment, the lidar had anomina 1.5 meter range resolution. In other words,
a every 1.5 meters aong each of the lines shown in figure 2b, a measurement of the water vapor
concentration was made. Each of these measurements is used to build up atwo dimensiond plot of
water vapor concentration. The SALSA-MEX dteisfar from ided in the sensethat it isnot
horizontaly homogeneous and the height above the canopy of a given measurement varies congderably
and is not dependent upon geometry aone.

The flux estimation method used assumes that in some region, taken for this experiment to be
25 metersin 9ze, but may be any user selected vaue, the dope of the water vapor concentration in the
z direction can be determined from a curve fit using dl of the measurements of the water vapor
concentration above that region. This assumes horizontal homogeneity ingde the region and with the
region immediately upwind, that the aggregate of the values condtitutes a measurement of the average
condition over theregion, and that the dope in water vapor concentration is the result of conditions
indde that region. The limitations of these assumptions will be discussed later.
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A key capability of the lidar that is useful in estimating fluxes over complex terrain is the ability
to determine the location of the surface. Thelidar a the SALSA experimental Ste was Sted so thet it
looked down on even the cottonwoods and was thus able to determine the location of the surface for dl
of the canopy types. For the case of mixed terrain and canopy, the lidar is used to find the location of
the surface in the range interva under investigation. Figure 3 isaconceptud drawing of how thisis
accomplished. The top of the canopy is found ether from the abrupt change in the apparent water
concentration or from the abrupt change in the dagtic lidar sgnd which is aso recorded dong each line
of dght. Thelocation of the top of the canopy as afunction of distance is determined using multiple
linesof sght. A linear least squaresfit is made to determine the eevation and dope of the top of the
canopy within the range interva under congderation.

For an individua water vapor measurement, the distance from the measured point to the
surface dong aline perpendicular to the measured dope and eevation is used as the corrected height
above the surface (see figure 3). This means that the z direction is taken to be the direction
perpendicular to the canopy top and not the vertical gravitationd direction. The reasoning is that, near
the surface, the flow of air will be pardld to the loca surface and that dispersion of the water vapor
released from the surface in the direction perpendicular to the mean flow is most important to the
estimation of evaporation [Kaima and Finnegan, 1994].

For anindividua scan, dl of the measurements within aregion are used to estimate the dope of
the angle line described by equation 5. Figure 4 is an example of such afit to datafrom figure 2a. All
of the water vapor measurements in the region between 200 and 225 meters from the lidar have been

included and used to fit alogarithmic profile. While there is considerable spread in the measurements a
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each height above the ground, the dope is satistically measured to an uncertainty of 1.2 percent for this
case. The spread in the measurements are due to the existence of coherent structures containing high
and low water vapor concentrations. These structures can be seen in the two dimensiond plots (for
example, figures 2, 8a, and 8b).

A measured vaue of the Monin-Obukov length is used to further adjust for amospheric
gability. However, in practice, the use of this correction resultsin asmall (usudly on the order of 5%
or less) change in the estimated flux. A severe limitation of this method is the lack of au. measurement
for each 25 meter region. Intheided case, we divide the region into surface types and use a measured
u typicd of that region. For the SALSA experiment, there were a grass region, a mesguite region, and
aforested region. The u. vaues over the grass and mesguite were determined using three dimensiond
sonic anemometers. The u. vaues used in determining the flux in the riparian corridor were derived
from wind data taken immediately adjacent to the zone.

The fractiona uncertainty of the lidar flux measurements were estimated using

. )2 ) ) ) /2
; AU ; o y
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where du., &M, , an, and &g are the uncertainties in the u., dope, air density, and water vapor
concentration measurements respectively [Bevington, 1992]. The lagt term on the right is a contribution
from a systematic uncertainty (or bias errors) in the lidar measurement of water vapor. While an
individuad measurement may be uncertain to the three to four percent level (a measure of the precision
error), the determination of the mean concentration from a number of measurements (a measure of the
bias error) is more accurate. This contribution is determined by the cdibration error of the instrument
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and isafunction not only of the lidar, but o of the instrument(s) used to caibrate thelidar. For this
reason, calibration is done with instruments traceable to the U.S. Nationa Ingtitute of Standards and
Technology (NIST). Asthe range increases, the precison of the lidar degrades because of ther-
squared fdl off in the sgnd, but the mean vaue of the measurementsis maintained. Thusthe variation
in the data about the fitted line is generdly observed to increase with distance, but since the mean vaue
of the measurementsis maintained, this should have a minima effect upon the dope measurements and
thus the estimated flux. The bias error in the mean vaue is taken to be less than 2%.

The vdue of the dope can be estimated with high certainty due to the large number of
measurements used in fitting equation 5. The nomind uncertainty in the value of the dope is one to two
percent. The air dendty is obtained from loca measurements of temperature and air pressure. The
uncertainty in the vaue of the air dengity is much less than two percent. The vadue of the surface wind
stress u. is normaly the primary source of uncertainty, normaly ranging from 5 to 15 percent. The
vaue of the uncertainty of u. isafunction of the uncertainty in the measurements of u. at a given point,
but aso contains a contribution from the assumption that a measurement at one point may be applied to
agmilar surface some distance away (the magnitude of which is highly Ste specific). The uncertainty in
ameasurement of u. isdifficult to assess. While uncertainty estimates based upon the accuracy of the
anemometer wind measurements result in estimates on the order of 5%, two anemometers a meter
goart in ided conditions may have u. vauesthat differ by as much as 35% (dthough typicd vadues are
generdly much less).  For atypicd measurement of the evaporative flux, the total uncertainty is
determined dmost totaly by the uncertainty in u. and leads us to estimate an overdl uncertainty on the
order of 15 percent. For areas far from u. measurements, the uncertainty may be as much astwice as
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large..

Figure 5 is a comparison of the latent heet flux measurements from sgp flow gagesin the
cottonwoods [ Schaeffer and Williams, 1999] made throughout aday and in the same region as
esimates from the lidar. Details of the sgp flux measurements can be found in the paper in thisissue.
The two evaporation estimates track well through the day. These data compare with an r? of 0.89 and
an RMS difference of 18 W/n?.  One would expect asmall bias error due to soil evaporation that is
not measured by the sap flux insruments. 1t may be that the soil evaporation component is smaller than

the relative uncertainties (about 20 W/n?), and much smaller than the transpiration so that this effect is

not apparent.

AREAL EVAPORATION ESTIMATES

In making a measurement over athe Ste, the locations of specid interest, such as the location of
supporting sensors, and the Size of the area to be examined are determined. The azimuths to locations
deemed critica are determined and a scan pattern is developed. The scan pattern isthen adjusted to
cover the area as evenly as possible and as often as possible and at |east twice per half hour. As noted
inthefirg efforts to develop the method, increasingly precise estimates are obtained when multiple
estimates are averaged a each location. Because of the finite time required to make an individud
measurement (between 30 and 60 seconds to make asingle vertica scan), there is dways a conflict
between the need to cover aslarge an area as possible with as fine a horizonta resolution as possible
with the desire to repeat each scan as many times as possible.

Implicit in the Smilarity technique is the assumption that the values measured represent the
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average condition. While spatid averaging can, to some extent, subgtitute for tempora averaging, the
use of a25 meter spatid extent cannot fully capture al of the larger scde events. Thus the scan pattern
repeets the measurement as often as possible. In athirty minute averaging period, we have taken two
measurements adong each azimuth line as the minimum acceptable. At long ranges where the
measurements are separated by larger differences in the azimuthd direction, this gives at least two
measurementsin each 25 meter bin. At closer ranges, where there may be severd azimuth lines
through each 25 meter square, consderably more evaporation estimates are averaged. This averaging
improves the evaporation estimates. The more estimates averaged, the better the result, particularly
during trangtions when the wind speed or direction is changing.

The use of amore limited number of lines of sight (i.e. increasing the sze of the angle between
lines of sight in the vertical direction) has been investigated. A profile could be congtructed from as few
asthreelines of gght in the verticd direction which would enable scanning of alarger areaand each line
of sght could be revisited more often. However, for areas which are unusualy non-homogeneous, this
would result in agreat ded more uncertainty as well asthe loss of the ability to determine the cause of
anomalous fluxes and to adjust the analyss accordingly. The fine angular resolution used here engbles
the precise determination of the location of the canopy top and itsdope. The large number of lines of
sght and data dso servesto average the effect of coherent structures on the vertica gradient. Less
data would increase the impact that these structures have on the estimated flux. A key part of the
andysisisthe estimation of the maximum height of the data that can be used in the determination of the
gradient. Thisheght isfound by determining the dtitude at which the dope changes. With less data,
thiswould be more difficult and less accurate. Lastly, as will be discussed in the next section, there are

- 13 -



gtuations in which the atmosphere is not well behaved and causes the estimated fluxes to be wrong.
The visud two dimensond plots are agreat tool in determining when and where these Stuations may
occur and if the andysis method can be modified to produce a more correct estimate.

The anadys's methodology described above is executed dong each azimuth angle for each
incrementa distance. Aswill be noted in the next section, occasionaly evaporation vaues will be
produced thet are clearly non-physical. These vaues are used to trigger amanud andyssand are
usudly caused by some anomay. Within each 25 meter cell, dl of the data vaues are averaged. Any
of anumber of plotting packages can be used to create contours from the data. Figure 6 shows a
comparison of an ared evaporation map with a canopy map. The two maps correspond in that the
lowest evaporation rates are found in the grassy area, medium rates in the mesquite, and the highest
rates dong theriver in the cottonwoods. Thereisalong areathat is predominantly grasdand about 200
to 400 meters due south of the lidar in which the evaporation rate is dbnormdly high for the grass and
scrub found there. However, thisregion is Sgnificantly lower in eevation than the surrounding ares,
being nearly at the levd of theriver. A shdlow water table in this area may account for the excess
evaporation. Since the height of the ground surface cannot be determined for the areas on the far sde
of the woods from the lidar, the evaporation estimates generated by the program for the grass area

west of the woods (left Sde of the plot) are not reliable.

LIMITATIONSOF THE METHOD
The method used here to develop maps of the evaporative flux in complex terrain assumes that,
in some smdl region, the dope of the water vapor concentration in the direction perpendicular to the
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surface is governed by Monin-Obukhov smilarity theory. This assumes horizontd homogeneity insde
the region and to the region immediately upwind, that the aggregate of the vaues conditutes a
measurement of the average condition over theregion, and that the dope in water vapor concentration
isthe result of conditionsin that region.

Clearly in trangtion areas where the canopy type or groundwater availability changes
dramaticdly, the method will have problems. For example, the areaimmediately downwind of the
wooded area consgtently gives estimates that are unreasonably high or low. The vertical scans shown
infigure 7aand 7b are examples of Stuationsinwhich a“plume’ of moig ar extends from the upper
reaches of the wooded area over the mesquite. Thiswill certainly bias the measurement of the dope if
this Stuation continues to perdst over severd scans Since it produces a substantialy higher water vapor
concentration at atitude above the mesquite.

One of theimplicit assumptions of Monin-Obukhov Similarity theory isthat transent events are
averaged into the mean. In the Stuation where an plume of moist air is trangported from the trees, the
assumption is not vaid and amodified profile would be required. For cases such asthose shownin
figures 7aand 7b, the datais manualy processed to include only data from a much shorter distance
above the canopy where the anomaly has less effect on the mean dope of the profile. This reducesthe
total number of points used to determine the dope by afactor of about three, but produces evaporation
estimates that are more redistic.

Also a issuein trandtion regionsis the issue of the location of the surface when the canopy is
discontinuous. An exampleis shown in figure 2a a adistance of 270 metersfrom thelidar. Thisisthe
edge of thewooded area. At this point, the location and dope of the canopy top are meaningless
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quantities with respect to this anayss methodology. |If the canopy change is not abrupt, but changes
smoothly and the water vapor concentration is examined perpendicular to the dope of the surface as
described above, the water vapor concentration with height is observed to be logarithmic. How the
amosphere changes a abrupt changes in the surface is currently the subject of further investigation.

Conditions occur near aress of trangtion in which moist areas upwind dter the water vapor
concentration near the surface so that it is not logarithmic in z. When this occurs, the methodology just
described in this paper cannot be used. Figure 8c is an example of the water vapor released in the
cottonwoods increasing and changing the water vapor concentration above nearly a 100 meter area
and nearly al the way down to the canopy. When this occurs, the flux estimation method sefldom
produces evaporation estimates that are unreasonable and thus this condition can be found only by
visua examination of the vertica scans.

In complex terrain, changes in the canopy lead to changes in the evaporation rate which lead to

changes in the water vapor concentration dong the surface. Because of advection, these changes may

)
result in flux divergence, particularly in the vertica direction W q . One may egtimate the sze of

Mz
this term from the Sze of the J%. and % terms in the conservation equation for water vapor. Itisnot
X t

uncommon to find horizonta gradients in water vapor concentretion of -0.2 g water/kg air in a 25 meter
andysis region downwind of the riparian area.  When offset by asmall increase in water content over

the same period of time (see figure 9), this leads to a potentia flux divergence of about 50 W/n? per



meter of height above ground. At thistime, the effect of advection on the Monin Obukov flux method
is unknown, but is a subject of current research.  We note that the corrections due to nonstationarity
are, in generd, smdl. From figure 9 we can see two examples of the water vapor concentration at a
given range over time with the average vaue and the least squares linear fit aso shown. The changein
water concentration over aten minute period is gpproximately 0.3 to 0.4 g water /kg ar. Thisresultsin
acorrection of less than 5 W/n?.

Related to the question of advection is the question of the location of the source (dso known as
the footprint) for ameasurement at agiven height. Thisisa subject of condgderable current interest (for
example, LeClerc, M and G. Thurtdl, 1990; Horst and Well, 1994; Finn et. d, 1996; Horst, 1999).
More than two-thirds of the measurements used in any given profile are below 8 meters. On more than
haf of the profiles, the maximum height used is 8 meters or less. The greatest curvature in the profileis
found at heights less than 4 meters, and it is those measurements less than 4 metersthat play the
greatest role in determining the dope of the line. The Monin-Obukhov lengths for the day used in the
anayss were on the order of -20 meters. Using the methodology outlined by Horst and Weil [1994],
one can estimate the upwind distance contributing to the flux a a given height. For aheight of 8 meters,
the upwind distance, past which less than twenty percent of the flux is generated, is afactor of
approximately five times the measurement height, or about 40 meters. Thiswould tend to indicate that
the bulk of the flux in agiven 25 meter section is generated insde that section and the section
immediatdy upwind. Thusit would be prudent to recognize that the flux locations as given by the
methodology are not exact, but rather are somewhat diffuse in the upwind direction. In practice, this
has not been an issue in that the estimated fluxes do not show many instances of large, abrupt changes.
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Also rlated to the subject of advection is the question of the ability of the lidar to resolve
dructuresin the verticd lidar images even when there is substantia time el gpsed between the start and
finish of thescan.  In the case of the SALSA data we can estimate the Lagrangiantime scae T, ,
which, according to Kama and Finnigan (1994), isa “measure of the persstence of the turbulent

0.33h
eddies’as T, *© ———= , whereh, isthe height of the canopy, and 6,, is the standard deviation of
0

w

the vertical wind speed, w, a h.. Inthe context of lidar-imaged structures, if the time required to
complete that part of the lidar scan containing the structure islessthan T, then the Structures observed
will have gatigtica properties that are representative of the true atmospheric turbulence and the image
digortions due to ‘dow’ scanning will not be Sgnificant. For a structure with a size on the order of 15
meters, it will take 4 to 6 seconds for the lidar to scan over its volume with the entire scan requiring
approximately 30 seconds to complete. The canopy height was approximately 15 meters and 6,,
(measured by sodar) ranged from 0.4 m/sto 0.75 m/s during the day. Thus the estimated Structure
lifetimeis expected to range from about 7 sto 12 s. Whilethe tota time required to complete a given
vertical scan ison the order of 30 s, the time required to image a coherent structure is much shorter,
and congderably shorter than atypica dructure lifetime. Thus, while one may expect significant
digtortion of the entire image from movement and evolution of the structures during the time required to
make a scan, one would expect that the scanning speed is fast enough to capture the individua
gructures. Clearly, afaster scanning speed is desirable; the development of that capability is currently

an area of emphasis. Aswith most lidars, there is a trade-off between maximum effective range and the
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gpeed with which a scan may be completed. We expect that competition between these two goals will
aways be an issue.

There remains the question of how well the measurements averaged over distances as short as
25 meters and less than a minute in time represent the average conditions. An individua scan will often
show structure near the surface. An exampleisshown infigure8a. In most cases, thiswill produce
deviations above and below the average value, but which average to profiles that are logarithmic.
Occasiondly there are plumes that contain water vapor concentrations that are significantly higher than
normd. In such cases, asfor example shown in figure 8b, the profiles are Sgnificantly dtered and may
no longer be logarithmic. At present, when such events as the plume at 260 metersin figure 8b are
found, the evaporation estimate from that 25 meter section is discarded. No anadysis method has been
found which can incorporate such structures to produce an evaporation estimate. A more detailed
anaysis of the structure of the water vapor concentrations and fluxesis presented in Cooper et d.,
[1999].

In usng this method for determining fluxes, the optima maximum height for indusion of the
water vapor measurements must be determined. This corresponds to the height of the change in dope
shown in figure 1. While the largest possible distance over which the measurements are made leads to
the grestest accuracy, measurements too close to the surface or so high that they are outside the inner
region lead to erroneous estimates of the water concentration gradient. This height varies throughout
the day so the method for determination must be dynamic and adjust to the existing conditions. In this
andysis, the same height has been used over al of the canopy types, but the possbility exists that
different heights would be gppropriate over different canopies.
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While limitations of the method exigt, the amount and type of data provided by the lidar dlows
one visudly to determine what is happening at a particular location that causes the estimatesto be
anomalous. The existence of visud two dimensona information that alows one to correct for unusua
circumgtancesis avery powerful asset and offers the potentia for improved agorithms which may
overcome the deficiencies in the current formulation. At present, these conditions require the
intervention of a human anays to determine the proper method of andyssto be made. This
methodology must be highly automated if it isto be truly efficacious. Work continues to accomplish

this.

CONCLUSION

Maps of the spatid distribution of evaporation have been produced usng spatia water vapor
concentration data from a scanning Raman lidar. The estimates of evaporation rate compare favorably
with other estimates made using other methods. The method developed dlows estimates of the
evaporation rate to be made with relatively small (25 meters) spatid resolution over an area
approaching three quarters of a square kilometer. As much as 25 to 40 Mbytes of data are analyzed to
generate each flux map. Because of the amount of data and time required to perform the andysis,
methods and criteria are currently under development to automate the entire analysis process over dl of
the azimuthd angles for agiven averaging time period. Criteria are being developed to flag and ignore
datathat do not converge to alogarithmic profile and to not include data above the interna boundary
region in the anadyss. Automation of the analyss will dlow near red time determination of the

evaporation estimates.



While there are Sgnificant limitations to the method, it remains ardatively direct method of
estimating the fluxes in Stuations where conventiond methods fall or when the topography makesiit
difficult to Ste instruments or field enough of them to achieve an ared average. A mgor limitation is
related to changes in the topography, and how much of the amosphere above a given site can be
consdered to be influenced by the surface and thus used to estimate the flux in that region. An
advantage of this method is that the spatial water vapor measurements themsalves can be used to
determine the regions in which these problems may occur. The large number of water vapor
measurements used to determine the dope dso make it possible to determine where the dopes change
and thus limit the maximum height of the water vapor measurements used to determine the dope.

Efforts are currently underway to improve the range of the lidar syslem by increasing the photon
efficiency of the system. Thiswill make it possible to scan faster so that more scans can be repeated
over alarger area. Efforts are dso being made to add the ability to measure spatialy resolved
temperature usng a Raman technique [Nedeljkovic, et d., 1993]. The addition of temperature will
alow determination of the partitioning of solar energy between sensble and latent heet fluxes using
amilar methods. The ahility to estimate these fluxes in a gpatid manner will enable progress in a number
of fields which examine the role that the canopy playsin partitioning solar energy. On alonger time
frame, methods are being examined that may alow the lidar to perform eddy covariance measurements
dong agngleline of Sght.

The method used here can provide reliable estimates of the evaporation rate over ardatively
large areawith relatively fine spatia resolution. The method is amore direct method of estimating the
fluxes than most remote sensing techniques that estimate the eveporation rate asaresdud. It dso
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provides regular estimates throughout the day as opposed to intermittent satellite or arcraft
measurements. Thisinformation can be used in awide variety of ways to sudy the spatid variaionsin
evaporation caused by changesin soil type and moisture content, canopy type and topography.
Because of the extendve nature of the estimatesin gpace and time, evaduation of the relative
contributions of each of these can be determined. The type of measurements provided aso provide the
opportunity to span the scales between the footprint of point measurements and the kilometer scde

measurements made by satellites.
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Figure Captions
Figure1 Anexample of avertica profile of the water vapor concentration determined by the lidar. A
logarithmic fit is aso shown. Note the break in the dope of the water vapor concentration at
goproximately four meters. The location of this breek is taken as the height of the top of the inner
region of the boundary layer. The height of this breek ranges from afew meters to about thirty meters.
Figure2a A verticd scan from the lidar showing the water vapor concentrationsin averticd plane a
the SALSA dte. Red colors represent highest water concentrations and blues represent the lowest
concentrations.
Figure2b A conceptud drawing showing the SALSA site as shown above and how different lines of
sght from the lidar are combined to make the water vapor concentrations map. The water vapor
concentration is determined every 1.5 meters dong each of the lines shown. Thelines of sght in actud
practice are 0.15 to 0.25 degrees apart.
Figure3 A conceptud drawing of a25 meter region and al of the lidar lines of sght withinit. The
location of aline gpproximating the surface is determined, and the distance from each measured vaue
to thisline dong a perpendicular to thelineis cadculated. All of the measured vaues of water vapor
concentration are used in the caculations shown in figure 3.
Figure4 Anexampleof alidar fitted verticd profile and the data from which it was cdculated. The
datais from 200 to 225 meters from the scan shown infigure 1a Therdatively large variahility in the
data about the fitted lineis due to the presence of discrete structures. If alarge enough areais
averaged, the mean vaue at each eevation converges to alogarithmic profile.
Figure5. An example of acomparison of the lidar evaporation estimates throughout a day madein the
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same region as sap flux measurements made in the cottonwoods. The two estimates track well through

the day with an r? of 0.89 and an RMS difference of 18 W/n?. The dope of the bet fit lineis 0.87.

Figure 6. An example of amap of the evaporative flux determined by the method described for the
1300-1330 time period. Also shown isamap of the canopy cover over the same region to
gpproximately the same scale. Note that evaporation rates are highest near theriver, in the trees and
lowest inthe grassy areas. The grid lines on the canopy map are 200 meters apart. The distancesin

meters are aso marked on the evaporation map.

Fgures 7a, 7b. Two verticad scans from the lidar showing the “plumes’ of water vapor coming from
the cottonwood trees upwind. These plumes affect the determination of the dope of the water vapor
concentration in the vertica direction.

Figure 8a, A vertical scan from the lidar showing the norma condition with discrete water vapor
structures over the canopy. Despite the existence of these structures, the average condition converges
to alogarithmic form for large enough aress.

Figure 8b. A verticad scan showing asituation in which a discrete water vapor structure (at
approximately 260 meters from the lidar) has sufficient concentration to dter the average so that it does
not converge to alogarithmic form. No dternaive andyssis currently available for such a condition.
Figure 8c, A verticd scan showing a Stuation in which the plume from the cottonwoods extends far
enough downwind and down to the canopy. For this condition, the water vapor concentration over the
canopy downwind of the trees is not representative of that canopy and cannot be used to estimate an

- 27 -



evaporation rate.

Figure9. The water vapor concentration at two separate times in the afternoon showing the variations

withtime. Also shown are the average and least squares linear fits to the data.



